Salt tolerance of crops is becoming more and more important, owing to the constant increase of salinity in arid and semi-arid regions. Broomcorn millet (Panicum miliaceum L.), generally considered tolerant to salinity, can be an alternative crop for salt affected areas. across experiments. In the seedling growth study, seedling number, root length and belowground biomass were adversely affected (showing more than 70%, 50%, and 32% reduction, respectively) in sensitive genotypes compared to tolerant genotypes (35%, 31%, and 3% reduction, respectively) under 160 mmol L −1 NaCl treatment. In general, whole-plant salinity tolerance was associated with increased Na + concentration and Na + / K + ratio, and salt-tolerant genotypes often had higher root and lower shoot Na + concentration than sensitive ones. Na + concentration in root was closely related to salt tolerance and may be considered as a selection criterion for screening salt tolerance of broomcorn millet at the seedling or vegetative stages.
Introduction
Salinity is a major environmental factor adversely affecting plant growth and development, and severely reduces agricultural productivity and yield [1] . More than 6% of the world's total land area and 20% of the irrigated land are salt-affected [2] . The salinity problem is particularly severe for arid and semiarid areas [3, 4] . In China, there are 33 million acres of salinized cultivated land, distributed mainly in the northern interior of the Yangtze River Basin [5] . Minimizing the effects of salt on crop yield is necessary to maintain global food production for an increasing world population, which will increase to nine billion by 2050 [6] . Although different remedial and management methods, including reclamation and improved irrigation techniques, have been recommended to render salt-affected soil fit for agriculture, these methods are costly in terms of finance, energy use, and labor [7, 8] . In addition, there is a need to improve salinity tolerance of important crops, because salt-tolerant crops have lower requirements for leaching of salt from the soil than do sensitive crops [9] . The development of salt-tolerant cultivars of staple crops is an effective approach to obtaining acceptable yields under moderately saline conditions [10, 11] .
Despite numerous efforts, few salt-tolerant genotypes have been released [12] , owing to insufficient genetic knowledge of the tolerance traits, lack of effective selection criteria and evaluation methods, and poor understanding of the interaction between salinity and environment [13, 14] . Strategies for salt tolerance selection have been proposed for many crops, including soybean (Glycine max Merr.), wheat (Triticum aestivum L.) and rice (Oryza sativa L.) [15] [16] [17] . The evaluation of salt-tolerant phenotypes under field conditions is very difficult, owing to high spatial and temporal variation [18] . For this reason, most screening experiments are conducted under controlled environmental conditions, such as in the greenhouse [19] [20] [21] [22] , based on plant vigor (germination rate and plant growth during early growth) or visual damage to vegetative tissues [23] . Screening for genetic diversity in physiological characters has been proposed and could be effective in salt tolerance breeding [12, [24] [25] [26] [27] [28] [29] . Ion uptake is a character of particular interest, and Na + exclusion and grain K + /Na + ratio have been suggested as reliable traits for salt-tolerant crop selection [21, [30] [31] [32] . The lack of a single reproducible screening scheme and differential salinity sensitivities during various growth stages greatly limit breeding for salt tolerant varieties [33] . Seed germination and early seedling growth are crucial periods for crop cycles under salt stress [34] , and determine the survival of plants. Several studies have shown that the salt tolerance of crops varies with growth stage [19, 33, [35] [36] [37] ; for example, wheat is more salt tolerant during germination, flowering and grain filling stages than in seedling and vegetative stages [38] . However, differences in salt tolerance among crop genotypes may also occur at different growth stages [19, 36] . The salt tolerance of different crop genotypes should thus be evaluated at different growth stages. Broomcorn millet (Panicum miliaceum L.) is a seed crop that has been cultivated in China for more than 10,000 years [39] , and has also been planted in India, central Europe, the USSR, and the Middle East [40] [41] [42] . This species grows at a wide range of altitudes with a short growth cycle of 10-12 weeks and requires little water for growth and development [43, 44] . Broomcorn millet is considered a health-food crop, owing to its unique nutritional value, including higher grain alkaline protein content than wheat, rice and oat (Avena sativa L.) [45, 46] . Broomcorn millet is more tolerant to salt stress than maize (Zea mays L.), wheat, rice, or foxtail millet [Setaria italica (L.) P. Beauv.] [47] . There is large genotypic variation in salt tolerance in broomcorn millet [48] , suggesting that it possesses rich genetic resources for improving productivity in saline soil. However, the evaluation and identification of salt-tolerant genotypes lag behind efforts in other crops, and very few genes associated with salt tolerance have been found in broomcorn millet [25, 48] .
Broomcorn millet is currently planted mainly in the northern part of China, including the northwest and northeast regions. Over 8500 accessions (varieties and landraces) of broomcorn millet are conserved in the National Centre for Crop Germplasm Conservation, Beijing, China. A core collection including 780 accessions has been established. In the present study, 195 accessions from the core collection were screened for salt tolerance by measurement of the germination salt damage index under mixed salt conditions, and the seedling performance of salt-tolerant and salt-sensitive genotypes selected according to germination-stage tolerance was reassessed under different salt stresses to validate the results from the germination stage and to investigate physiological traits for possible use as the salt-tolerance screening criteria for broomcorn millet. The aims of this study were to optimize the evaluation and identification of broomcorn millet as well as to identify promising genetic accessions from the core collection of broomcorn millet for the improvement of salt tolerance.
Materials and methods

Plant materials
A total of 195 accessions were selected from the core collection of broomcorn millet, including 90 landraces, 45 breeding lines, 20 commercial cultivars, 20 wild accessions, and 20 entries from other countries/organizations including Poland (2), Russia (2), India (2), Australia (1), France (1), Canada (1), ICRISAT (2), Japan (1), Hungary (1), and the USA (7) . Seeds of all accessions were provided by the National Center for Crop Germplasm Conservation, Beijing, China.
Salt tolerance evaluation at germination stage in 195 accessions
Fifty seeds of each accession were surface-sterilized with 5% sodium hypochlorite for 20 min and germinated on filter paper in closed Petri dishes for 7 days in 8 mL deionized water (control) or in 8 mL of a 120 mmol L −1 mixed (on a 1:1 molar basis) salt solution of NaCl and Na 2 SO 4 (treatment) using a randomized complete block design with three replications in a growth chamber at 25/20°C day/night with 12 h light. Seeds were considered as germinated when the plumule length accounted for half of the seed length and the radicle length was equal to the seed length. Germinated seeds were counted daily for each replicate and the growth parameters were calculated on the seventh day. According to the method of Wang and Wang [49] , salt damage index (SDI, %) was adopted to evaluate the salt tolerance of broomcorn millet. In the seedling experiment, the six selected genotypes were exposed to salt treatment using a randomized complete block design with three replicates. A total of 20 surface-sterilized seeds for each genotype were sown directly in 10-cm diameter plastic pots containing 1.0 kg of silicon dioxide. Each pot was watered every 2 days with a Hoagland nutrient solution containing 0, 80, 120, 160, and 200 mmol L − 1 mixed salt solution for 20 days. All pots were placed in a growth room at a temperature of 24 ± 1°C and relative humidity of 70-80%. Salt damage to plant growth was visually evaluated and percentage of surviving seedlings was calculated. Growth parameters were measured for 10 plants selected randomly from each pot. Relative shoot length, root length, shoot weight, and root weight were calculated as the ratios of the mean values under saline conditions to those under the control conditions. Shoots and roots from each pot were sampled separately, thoroughly washed with distilled water, weighed, and dried in a forced-air oven at 70°C to constant mass. The dried tissues were reweighed and ground into a fine powder that passed a 60-mesh screen. Dry samples of 100 mg were used to determine the concentration of K + and Na + in nitric-perchloric acid digests by inductively coupled plasma optical emission spectrometry.
Statistical analysis
Analyses of variance and correlation were performed for each measured or scored character using the statistical program SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The differences between genotypes were compared by a post hoc least significant difference (LSD) test at P < 0.05.
Results
Evaluation of salt tolerance of 195 broomcorn millet accessions at the germination stage
Forty accessions, including all entries from other countries that exhibited germination percentages lower than 80% under the control condition, were omitted to avoid confusion between poor seed germination and the effect of salt on early vegetative growth. The effects of salt stress on the germination parameters of 155 broomcorn millet accessions are shown in Table 1 . The means of relative germination percentage and of relative shoot and root length were 36.7%, 42.2%, and 12.9%, respectively. These results indicated that salt stress strongly inhibited seed germination and plant growth of broomcorn millet during early vegetative growth. After 5 days in the post-NaCl recovery period, RGP, RSL and RRL were significantly increased, with means of 65.3%, 58.4%, and 55.4%, respectively. Among the broomcorn millet accessions tested, the coefficient of variation (CV) was the largest for the reduction in RGP and the lowest for RRRL. There was highly significant genotypic variation in the response of germination to salinity as measured by RGP and RSL, as well as by RRGP and RRSL after recovery (Table 1) . Based on salt damage indices, the 155 accessions examined were divided into five groups (Fig. 1) . The first group, strongly tolerant genotypes, contained 39 accessions with salt damage indices lower than or equal to 20.00% ( Table 2 ). The second, tolerant, group contained 22 accessions with salt damage indices between 20.01% and 40.00%. The third, moderately tolerant, group contained 26 accessions with salt damage indices between 40.01% and 60.00%. The fourth and fifth moderately sensitive and sensitive groups included 47 genotypes.
Effect of salt stress on seedling growth of P. miliaceum
Large genotypic variation was found for seedling growth under different levels of salt stress ( Low levels of salt stress had very little effect on belowground biomass and even stimulated root growth, as observed for Huishu and Wahui Ruanmi. However, when salt stress was increased to 160 mmol L −1
, the belowground biomasses of all genotypes were lower than those of the controls. With increased salt stress, the difference in belowground biomass among genotypes was significant (P < 0.01). The decrease in the belowground biomass of the tolerant genotypes was less than that of the sensitive genotypes. 
Ion change under different levels of salt stress
The Na + concentrations in both shoots and roots increased with salt concentration ( ). These results indicated that the Na + concentration in roots was different among genotypes. The salt-tolerant genotypes usually accumulated more Na + in roots than in shoots to reduce the transport of Na + into aboveground parts and to avoid damage from salt stress. In contrast, the sensitive genotypes lacked this ability and often accumulated more Na + in shoots than in roots.
Salt stress can reduce the K + accumulation of shoot in broomcorn millet ( (Fig. 2) . Under 80 mmol L − 1 salt , the Na + /K + ratios of the sensitive genotypes were much higher than those of the tolerant genotypes. The variation of Na + /K + ratio in root differed from that in shoot, and the tolerant genotypes usually had higher Na + /K + ratios than the sensitive genotypes. The results indicated that the tolerant genotypes had greater Na + restriction than the sensitive genotypes and that this restriction increased with salt stress (Fig. 3) .
Correlations among salt damage index, growth parameters, and ion concentration at the seedling stage
The relationships among salt damage index, growth parameters and ion concentration at the seedling stage were analyzed as pairwise correlation coefficients (Table 5 ). There were significant negative correlations between salt damage index and percentage survival seedlings (P = 0.001), root Na 
Discussion
The results of this study indicated that salt stress caused a substantial decrease in germination rate of all broomcorn millet accessions, but that the accessions differed significantly in their germination rates under saline conditions. Such a variable response of genotypes to salt stress has been previously described in different crops [25, 50, 51] . A total of 39 entries, accounting for 25 .2% of all the tested entries, were classified as strongly salt-tolerant in this study. These entries will be useful for salt-tolerance improvement in broomcorn millet. Many crops are sensitive to salt stress at the seedling stage [52] . Seedling number strongly affects yield by reducing plant density. For this reason, the inclusion of seedling growth parameters in evaluation of salt tolerance is necessary for improving crop production under salinity. There were significant differences among genotypes in two parameters (RAB and RBB) under 80 mmol L (Table 3) . So the most efficient parameters for evaluation of seedling salt tolerance in broomcorn millet are aboveground and belowground biomass. The seedling salt tolerance evaluation showed that salt-tolerant genotypes such as Ningmi 4 Relative value was calculated as the ratio of the value under saline conditions to that under control conditions. and Zhongwei Dahuangmi often had higher survival rates than salt-sensitive genotypes, especially under high salt stress. Correlation analysis showed that survival rate was negatively (R 2 = − 0.80, P = 0.001) but aboveground biomass positively (R 2 = 0.77, P = 0.029) correlated with salt damage index. Under saline conditions, plants usually accumulate large amounts of Na + in vacuoles for osmoregulation [53] . Salt tolerance is associated with the low accumulation of Na + [54] and the partial exclusion and compartmentalization of salt in cells [3] . Na + is the main toxic ion under salinized conditions, and if excessive amounts of Na + enter the plant, the Na + concentration can rise to a toxic level, inhibiting photosynthesis and reducing growth rate [20] . In the present study, Na + concentrations in shoots and roots increased significantly with salt stress (P = 0.019 and 0.007 in shoot and root, respectively potentially be utilized as a selection criterion. The maintenance of low Na + concentration in actively growing tissues such as the shoot could be an important mechanism contributing to the enhanced salt tolerance of some genotypes [55] . This idea is supported by our study in which salt-tolerant genotypes usually had higher root and lower shoot Na + accumulation compared to sensitive genotypes. Shoot Na + concentration was positively correlated with salt damage index (R 2 = 0.92, P = 0.001) and aboveground biomass (R 2 = 0.83, P < 0.001) and negatively correlated with survival rate (R 2 = −0.80, P = 0.01). We accordingly propose that shoot Na + concentration would be an effective selection criterion for salt-tolerant broomcorn millet. This conclusion is consistent with that of a study of pearl millet (Pennisetum americana [L.] Leek) [33] . Salt stress not only imposes osmotic and ion toxicity on plants but also affects uptake and transport of essential nutrients, such as K + [56] . A decrease in K + with an increase in Na + in plant shoots has been reported [57] [58] [59] . In addition, the capacity to concentrate K + in response to salinity stress is accompanied by reduced growth and accordingly does not represent adaption to salt stress [60] . (Table 4 ). The Na 
Conclusion
Clear variation in salt tolerance was observed at the germination and seedling stages in 155 broomcorn millet accessions, including 39 entries that were salt-tolerant according to a salt damage index. These salt-tolerant entries usually showed higher survival rates of seedlings and greater belowground biomass than sensitive entries when exposed to salt stress. Salt damage index and seedling survival rate were highly correlated with Na + concentration and Na + /K + ratio in shoot, indices that were proposed as potential criteria for identification of salinity tolerance in broomcorn millet. /K + ratio in root; NR, Na + restriction. ⁎ Significant at P < 0.05. ⁎⁎ Significant at P < 0.01.
